CPAF (chlamydial protease-like activity factor), a Chlamydia serine protease, is activated via proximity-induced intermolecular dimerization that triggers processing and removal of an inhibitory peptide occupying the CPAF substrate-binding groove. An active CPAF is a homodimer of two identical intramolecular heterodimers, each consisting of 29-kDa N-terminal and 35-kDa C-terminal fragments. However, critical residues for CPAF intermolecular dimerization, catalytic activity, and processing were defined in cell-free systems. Complementation of a CPAF-deficient chlamydial organism with a plasmid-encoded CPAF has enabled us to characterize CPAF during infection. The transformants expressing CPAF mutated at intermolecular dimerization, catalytic, or cleavage residues still produced active CPAF, although at a lower efficiency, indicating that CPAF can tolerate more mutations inside Chlamydia-infected cells than in cell-free systems. Only by simultaneously mutating both intermolecular dimerization and catalytic residues was CPAF activation completely blocked during infection, both indicating the importance of the critical residues identified in the cell-free systems and exploring the limit of CPAF's tolerance for mutations in the intracellular environment. We further found that active CPAF was always detected in the host cell cytoplasm while nonactive CPAF was restricted to within the chlamydial inclusions, regardless of how the infected cell samples were treated. Thus, CPAF translocation into the host cell cytoplasm correlates with CPAF enzymatic activity and is not altered by sample treatment conditions. These observations have provided new evidence for CPAF activation and translocation, which should encourage continued investigation of CPAF in chlamydial pathogenesis.
D
uring the investigation of chlamydial interactions with host cells, a unique protease-like activity was detected in the cytoplasmic fraction of Chlamydia-infected cells (1, 2) . The chlamydial protease-like activity factor, designated CPAF, was purified as N-terminal 29-kDa (CPAFn) and C-terminal 35-kDa (CPAFc) fragments (3) . These two fragments formed intramolecular heterodimers, which were required for CPAF to acquire proteolytic activity (4, 5) . Further crystal structure (6) and biochemical (6) (7) (8) analyses revealed that CPAF was activated via proximity-dependent intermolecular dimerization that triggered sequential processing of an internal inhibitory peptide covering the region between residues R243 and S283. The inhibitory peptide, occupying the substrate-binding groove of CPAF, is eventually removed by sequential processing, which generates intermediate fragments of CPAF (CPAFi). The first cleavage occurs between residues M242 and R243, which permits the subsequent cis-cleavage between M264-V265 and S283-G284. At the same time, the organization of the catalytic triad, consisting of residues E558, S499, and H105, is optimized. The first cleavage is triggered by intermolecular dimerization. The residues F45, V52, and P534 are critical for the dimerization. Substitutional mutations of the residues required for intermolecular dimerization, catalytic activity, or processing have resulted in significant reduction or complete blockade of CPAF activation in cell-free assays (5, 6) . Despite the detailed structural and biochemical characterization of CPAF, how CPAF is activated and regulated in Chlamydia-infected cells remains unknown.
CPAF was predominantly detected in the cytosolic fraction/ portion of the infected cells (3) . However, how CPAF gets into the host cell cytoplasm remains unknown. Nevertheless, CPAF is predicted to possess a secretion leader sequence at its N terminus, and this leader sequence is both processed from mature CPAF isolated from Chlamydia-infected cells and functional in directing bacterial protein secretion crossing the inner membrane in a sec-dependent manner (9) . A chlamydial mutant deficient in type II secretion also significantly restricted CPAF secretion (10) , suggesting that CPAF may get out of the outer membrane via the type II secretion apparatus, which, however, only sends CPAF into the lumen of the inclusion. Due to lack of knowledge about how CPAF reaches the host cell cytoplasm, some have questioned the validity of the detection of CPAF in the host cell cytoplasm (11) despite the fact that CPAF has been localized to the host cell cytosol consistently (3, (12) (13) (14) (15) (16) (17) . Interestingly, the cytosolically localized CPAF is not colocalized with the secreted Pgp3 protein (18, 19) , which may suggest that CPAF and Pgp3, although both are secreted into the host cell cytoplasm, may have different host targets. CPAF has been implicated functionally in the interaction of a number of host cell substrate targets important for chlamydial pathogenesis (20) . However, it was later shown that these host substrates were the result of an imprecise method that failed to inactivate the protease during sample harvest (21) , which triggered discussions on the authenticity of CPAF's function (22) (23) (24) .
CPAF is a highly conserved protease common to all Chlamydiaceae (25) whose secretion and cytosolic location need further investigation to definitively elucidate its function in chlamydial pathogenesis. The recent generation of CPAF-deficient chlamydial organisms has provided a genetic basis for investigating the functionality of CPAF (10) . We successfully complemented a CPAF-deficient mutant Chlamydia trachomatis serovar L2 organism, designated RST17 or L2-17, with a plasmid-encoded CPAF, which has allowed us to further characterize CPAF in the context of chlamydial infection. The transformed L2-17 organisms expressing a plasmid-encoded CPAF mutated at one or multiple intermolecular dimerization contact, catalytic, or cleavage site residues still produced significant levels of active CPAF, while the same mutations in CPAF resulted in loss of activity in cell-free systems (5, 6) . Thus, CPAF tolerated more mutations inside Chlamydia-infected cells than in cell-free systems. Nevertheless, a CPAF molecule mutated at both intermolecular dimerization contact and catalytic residues was completely blocked from activation during infection. Furthermore, the active CPAF was always detected in the host cell cytoplasm while nonactive CPAF was restricted to within the chlamydial inclusion regardless of how the infected cell samples were treated. These observations together demonstrated that CPAF translocation into the host cell cytoplasm correlates well with CPAF enzymatic activity, and CPAF remains a promising target for understanding chlamydial pathogenesis.
MATERIALS AND METHODS
Cell culture and chlamydial infection. HeLa cells (human cervical epithelial carcinoma cells; ATCC CCL2) were grown and maintained in medium consisting of Dulbecco modified Eagle medium (DMEM) (Sigma, St. Louis, MO) and 10% fetal calf serum (FCS) (Gemini Bio-Products, West Sacramento, CA) in a humidified incubator in the presence of 5% CO 2 . The wild-type C. trachomatis L2 (L2wt) organisms (L2/LGV-434/ Bu) were purchased from the ATCC, while the CPAF-deficient L2 organisms, designated RST17 or L2-17, and the corresponding isogenic CPAFcompetent control, RST5 or L2-5, were kindly provided by Raphael Valdivia from Duke University (10) . The various L2-17 transformants were generated as described below. All chlamydial organisms were propagated, purified, aliquoted, and stored as described previously (26) . For infection, cells grown in 24-well or 6-well plates with or without coverslips were inoculated with chlamydial organisms as described previously (27) . The infected cultures were processed at different time points after infection for either Western blot or immunofluorescence assays as described below.
Generation of plasmids coding for wild-type (CPAF-wt) or mutant CPAF. To construct a CPAF expression plasmid, we first generated a DNA fragment consisting of the pgp4 promoter sequence (97 nucleotides upstream of the pgp4 gene [28] ) and the cpaF gene (29) , both from C. trachomatis serovar L2, and the transcriptional termination signal sequence from ct579 of C. trachomatis serovar D. The ct579 terminator is a Rhoindependent terminator (30) consisting of 43 nucleotides, starting at the 43rd nucleotide downstream of the ct579 stop codon (31) . The three DNA fragments were linked together by using PCR (AccuPrime Pfx SuperMix; Life Technologies, Grand Island, NY). The cpaF-containing DNA fragment, functioning as an independent operon, was inserted between the Escherichia coli origin of replication and the gfp gene of the pGFP::SW2 vector (kindly provided by Ian Clarke, University of Southampton [32] ) using an In-fusion HD cloning kit (Clontech Laboratories Inc., Mountain View, CA) as described previously (26, 33) . The fusion products were rescued by transformation into Stellar competent bacterial cells. The bacterial transformants were selected for ampicillin resistance on LB agar plates. Bacterial colonies were screened for green fluorescence under a fluorescence microscope. Green colonies were picked up for extraction of plasmids. The purified plasmids were subjected to DNA sequencing of the predicted fusion junction regions to confirm correct insertion of the cpaF operon. Plasmids with the correct fusion junction sequences were transformed into E. coli K-12 ER2925 (Dam-Dcm strain; New England BioLabs, Ipswich, MA) for amplification. The amplified plasmids were subjected to DNA sequencing of the entire plasmid. The plasmid with correct sequence (designated pGFP-CPAF-wt) was used for transforming L2-17 chlamydial organisms as described below. The pGFP-CPAF-wt plasmid was used as a template for introducing the desired mutations into the codons of the cpaF gene by incorporating the mutations into the primers used for In-fusion HD cloning (see Table S1 in the supplemental material for all the primer sequences). In order to simultaneously introduce multiple mutations into a single cpaF gene, multiple fusion fragments were produced for a single fusion. The mutated codons include those coding for the intermolecular dimerization contact residues F45, V52, and P534; the catalytic residues H105, S499, and E558; and the inhibitory peptide cleavage site residues L259 and L281 (5, 6) . The sequences of all the primers used in the current study are listed in Table S1 in the supplemental material.
Chlamydial transformation. The L2-17 organisms (10) were transformed with the various plasmids created as described above by using the transformation protocol initially developed by Wang et al. (32) , but with additional modifications (26, 33) . Briefly, 10 l L2-17 organisms (1 ϫ 10 7 inclusion-forming units [IFU] ) and 10 l plasmid DNA (ϳ7 g) were mixed in a total volume of 200 l CaCl 2 buffer for 45 min at room temperature (RT). Freshly trypsinized HeLa cells (6 ϫ 10 6 cells) resuspended in 200 l CaCl 2 buffer were added to the elementary body (EB)-plasmid mixture and incubated for another 20 min at room temperature, with occasional mixing. Each 70 l of the final mixture was plated onto a single well of a 6-well plate, together with 1.5 ml of prewarmed DMEM plus 10% FCS. The culture plates were incubated at 37°C in 5% CO 2 without cycloheximide or ampicillin for 24 h. The cultures were replenished with fresh medium containing cycloheximide (2 g/ml) and ampicillin (5 g/ml) and incubated for an additional 24 h. Inclusions positive for green fluorescence were identified under a fluorescence microscope and picked up for passage on a fresh monolayer of HeLa cells in the presence of ampicillin (20 g/ml). The resultant inclusions that remained positive for green fluorescence were defined as generation 2 and were passed for additional generations to enrich green-fluorescence-positive organisms, which were finally plaque cloned, as described previously (26, 33) , for further experiments. The final L2-17 transformants were L2-17-CPAFwt (expressing plasmid-encoded wild-type CPAF), L2-17-CPAF-F45A (expressing CPAF with alanine substitution for the dimerization residue phenylalanine 45), L2-17-CPAF-E558A (CPAF with alanine substitution for catalytic residue glutamic acid 558), L2-17-CPAF-FVP to A (CPAF with simultaneous alanine substitutions for dimerization contact residues F45, V52, and P534), L2-17-CPAF-HSE to A (CPAF with simultaneous alanine substitutions for catalytic residues H105, S499, and E558), L2-17-CPAF-L259E (CPAF with replacement of the inhibitory peptide cleavage site residue L259 with glutamic acid), L2-17-CPAF-L281G (CPAF with replacement of the inhibitory peptide cleavage site residue L281 with glycine), and L2-17-CPAF-EF to A (CPAF with simultaneous alanine replacements of both the catalytic residue E558 and dimerization contact residue F45 with alanine).
Western blot assays. Western blot assays were carried out as described previously (34) . Briefly, HeLa cells with chlamydial infection were solubilized in 2% SDS sample buffer and loaded onto SDS polyacrylamide gel wells. After electrophoresis, the resolved protein bands were transferred to nitrocellulose membranes for antibody detection. The primary antibodies were monoclonal antibody (MAb) 100a, able to recognize both CPAFc and full-length CPAF (CPAFf); MAb MC22, recognizing the chlamydial major outer membrane protein (MOMP) (3); and MAb M20, detecting host cell cytokeratin 8 (Sigma, St. Louis, MO). The primary antibody binding was probed with a horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG secondary antibody (Jackson ImmunoResearch) and visualized with an enhanced chemiluminescence (ECL) kit (Santa Cruz Biotechnology).
Immunofluorescence assay. The immunofluorescence assay was carried out as described previously (3) . Briefly, HeLa cells with chlamydial infection were fixed at 40 h postinfection with 4% paraformaldehyde (PF) dissolved in phosphate-buffered saline (PBS) for 1 h at RT, followed by different permeabilization conditions, including 2% saponin for 30 min to 4 h, 1% SDS for 40 min, or cold methanol for 10 min, or fixed with 10% formalin for 1 h followed by permeabilization with 0.1% Triton for 15 min, as indicated for individual experiments. All samples were colabeled for CPAF, L2 organisms, and DNA. The mouse anti-CPAFc MAb 100a plus a goat anti-mouse IgG conjugated with Cy3 (red; Jackson ImmunoResearch) were used to visualize CPAF. A rabbit anti-chlamydial-organism antibody (polyclonal antibody [PAb] 1006 [unpublished data]) plus a goat anti-rabbit IgG secondary antibody conjugated with Alexa Fluor 488 (green; Jackson ImmunoResearch, West Grove, PA) were used to visualize chlamydial organisms. The DNA dye Hoechst 33258 (blue; Sigma) was used to visualize DNA. The fluorescence images were acquired by using an Olympus AX-70 fluorescence microscope equipped with a charge-coupled-device (CCD) camera, and the images were processed using Adobe Photoshop. Some immunolabeled cell samples were also examined using a confocal microscope to validate intracellular localization, as described previously (35) .
RESULTS

CPAF with mutations of critical residues is still active during chlamydial infection.
Although CPAF has been extensively characterized using structural and biochemical approaches in cell-free systems, its proteolytic property during live infection inside Chlamydia-infected cells has not been evaluated. A CPAF-deficient C. trachomatis L2 organism, designated RST17 or L2-17, no longer expressed CPAF (Fig. 1A) (10) . CPAF expression was restored by transforming the L2-17 organisms with a plasmid-borne CPAF-wt gene. The plasmid-encoded CPAF-wt was not only expressed and processed, but also translocated into the host cell cytoplasm (Fig. 1B) . We then used the CPAF transformation approach to investigate the critical residues required for CPAF intermolecular dimerization, catalytic activity, and processing in Chlamydia-infected cells (Fig. 2) . Compared to CPAF-wt, CPAF with alanine substitution for the intermolecular dimerization contact residue phenylalanine 45 (F45A) or the catalytic residue glutamic acid 558 (E558A) displayed more immature intermediate CPAFi and full-length CPAFf, suggesting that these critical residues are required for optimal maturation of CPAF. However, significant amounts of the mutant CPAF molecules were still processed into the mature form, CPAFc. Significant processing was also detected in cultures expressing CPAF with simultaneous alanine substitutions for the intermolecular dimerization residues F45, V52, and P534 (FVP to A) or catalytic residues H105, S499, and E558 (HSE to A) or CPAF with replacement of the inhibitory peptide cleavage site residue L259 with glutamic acid (L259E) or of L281 with glycine (L281G). Careful analyses of the CPAF processing or fragmentation patterns led us to reveal some minor differences among the mutants. Maturation by the catalytic residue mutants was less efficient, especially the HSE to A triple mutant, compared to the FVP to A triple intermolecular dimerization mutant. In addition, the two cleavage site residue mutants (L259E and L281G) displayed the least efficiency in converting into the mature CPAFc species. Nevertheless, CPAF was still significantly processed in all cultures, regardless of the types of mutation. CPAF processing and maturation must occur during infection (prior to the lysis of the infected cells), since the cell samples were harvested in 8 M urea, conditions under which no CPAF processing can take place (21, 36) . We further monitored the proteolytic activity of the processed CPAF molecules by taking advantage of a previous finding that active CPAF can cleave cytokeratin 8 during sample processing in RIPA buffer (37) . All the mutant CPAF molecules cleaved cytokeratin 8. These observations demonstrated that CPAF can tolerate more mutation in Chlamydia-infected cells than in cellfree systems, which was not caused by contamination with wildtype CPAF-expressing L2 organisms. This is because all inclusions in cultures infected with L2-17 transformants were positive for green fluorescent protein (GFP) under an inverted microscope prior to processing for immunofluorescence staining. More importantly, all L2 transformants were resequenced to confirm the corresponding CPAF mutations. Simultaneous substitutions for three intermolecular dimerization residues or all three catalytic residues were still insufficient to completely block CPAF activation, suggesting that the intermolecular dimerization and catalytic residues may be able to compensate for each other inside Chlamydia-infected cells.
Simultaneous replacement of both catalytic and dimerization residues in the same molecule completely blocked CPAF processing and activation. We next tested whether simultaneously replacing both a catalytic and a dimerization residue in the same CPAF molecule could prevent its activation (Fig. 3) . CPAF with alanine substitutions for both the catalytic residue E588 and the dimerization contact residue F45 (CPAF-EF to A) was completely blocked from activation. No processed CPAF intermediates (CPAFi) or mature CPAFc, but only immature full-length CPAF, was detected in the culture infected with the L2-17-CPAF-EF to A organisms. The lack of CPAF processing was consistent with the lack of CPAF activity for degrading cytokeratin 8 by the double-mutant CPAF. However, triple substitutions for three catalytic or dimerization residues still allowed the CPAF mutants to maintain activity (Fig. 2) . These observations together demonstrated that E558 and F45 are important in CPAF activation and suggested that catalytic activity and intermolecular dimerization may be complementary to each other for CPAF activation/activity during infection. Only when both catalytic activity and dimerization were disrupted at the same time could CPAF activation be completely blocked.
CPAF secretion is dependent on CPAF activity. We also monitored the secretion patterns of the CPAF mutants under fluorescence microscopy (Fig. 4) . CPAF secretion was detected in cultures infected with all but the organisms expressing the CPAF-EF to A mutants, correlating well with CPAF processing and activity. CPAF with mutations at either catalytic, intermolecular dimerization, or cleavage site residues still maintained significant processing and enzymatic activity (Fig. 2 ). Significant amounts of these mutant CPAF molecules were also detected in the host cytoplasm (Fig. 4) . The catalytic and intermolecular dimerization CPAF-EF to A double mutant was no longer active ( Fig. 3) and was not translocated into the host cell cytosol (Fig. 4) . Nevertheless, a close look at the secretion patterns revealed some differences in the extents of translocation among the mutants that were detected in the host cell cytoplasm. Less complete translocation was found among the mutants with catalytic residue mutation, including the single-substitution mutant E558A and the HSE to A triple mutant, since more CPAF molecules from these mutants were retained within the inclusions. This distinct distribution pattern was further validated during the entire infection course (Fig. 5) . Most of the CPAF-FVP to A intermolecular dimerization residue triple mutants were detected in the host cell cytoplasm, while a significant amount of the CPAF-HSE to A catalytic residue triple mutant was retained within the inclusions during the infection course. Despite the difference in host cell cytoplasm translocation, all CPAF molecules seemed to share similar expression time courses, with the first detection of CPAF at 12 h after infection. By 18 h after infection, CPAF translocation out of the inclusions into the host cell cytoplasm became detectable for both wild-type and mutant CPAFs, but not the CPAF-EF to A double mutant that totally lacked processing and activity (Fig.  3) . This trend continued up to 48 h after infection (Fig. 5) , and the distinct intracellular distribution of the CPAF-HSE to A versus the CPAF-EF to A mutants was confirmed under confocal microscopy (Fig. 6 ). These observations together demonstrated a strong correlation of CPAF translocation into the host cell cytoplasm with CPAF activity. CPAF secretion is not affected by the sample treatment conditions. The availability of both secretable and nonsecretable CPAF allowed us to address concerns about the effects of sample treatment conditions on CPAF translocation (11, 24) . The cultures infected with L2-17 organisms expressing either secretable or nonsecretable CPAF were treated under various conditions, and CPAF translocation was monitored under fluorescence microscopy (Fig. 7) . The infected cell samples were fixed with 4% PF for 1 h at RT, followed by various permeabilization conditions, including 2% saponin for various times, 1% SDS for 10 min, and methanol for 10 min. Some samples were also fixed with formalin, followed by Triton permeabilization. We found that the secretable CPAF was always detected in the host cell cytosol without any significant overlap with the organisms, while the nonsecretable CPAF was restricted in the chlamydial inclusions regardless of the conditions used for treating the cell samples. These observations demonstrated that the cell sample processing conditions did not affect the secretability of CPAF.
DISCUSSION
Since the chlamydial protease-like activity factor CPAF was discovered in 2001 (3), CPAF has attracted a great deal of interest in the chlamydial research field. Both biochemical and structural characterizations of CPAF have yielded a lot of new information, including the identification of critical residues important for intermolecular dimerization, catalytic activity, and inhibitory-peptide processing (6) (7) (8) . However, how CPAF activity is regulated during chlamydial infection remains unknown. The availability of CPAF expression-deficient chlamydial organisms (10) and the successful transformation of the chlamydial organisms (26, 32, 33, 38, 39) allowed us to investigate CPAF inside Chlamydia-infected host cells. In the current study, we have presented experimental evidence to both validate the biochemical properties of CPAF previously characterized in cell-free systems and explore new features of CPAF activation and activity during chlamydial infection. First, a plasmid-encoded wild-type CPAF fully restored both CPAF activity and translocation in the CPAF-deficient L2-17 strain and displayed an expression and intracellular distribution pattern similar to that of the chromosomal CPAF from either L2-wt or the isogenic L2-5 strain during the infection course, suggesting that transformation of L2-17 with plasmid-encoded CPAF can be used to investigate CPAF properties. Second, CPAF mutated at critical residues required for intermolecular dimerization, catalytic activity, and peptide processing, as demonstrated in cell-free systems (5, 6), displayed only partial inhibition of activation. These mutants still maintained significant levels of CPAF activation/activity inside the Chlamydia-infected cells. This was true even when three important intermolecular dimerization residues or all three catalytic residues were simultaneously mutated. The dramatic differences in CPAF activation and activity between the cell-free systems and inside the infected cells suggest that there may be cofactors in the infected cells that aid in CPAF activation. Third, mutations in both intermolecular dimerization and catalytic res- (F45A) (d, n, and x) or E558 (E558A) (e, o, and y), F45, V52, and P534 (FVP to A) (f, p, and z), H105, S499, and E558 (HSE to A) (g, q, and aa), or E558 and F45 (EF to A) (j, t, and ad); or CPAF cleavage site residue substitution (L259E, h, r, and ab; L281G, i, s, and ac), as indicated. The infected cells were processed for immunofluorescence detection of CPAF (red), the L2 organism (green), and DNA (blue). Note that CPAF translocation was detected in cultures infected with all but the organisms expressing the CPAF-EF to A mutant. The red arrows indicate CPAF molecules localized outside the chlamydial inclusions.
FIG 5 Monitoring CPAF expression and translocation during the infection
course. HeLa cells were infected with L2wt (a, g, m, and s), the isogenic strain L2-5 (b, h, n, and t), L2-17-CPAFwt (c, i, o, and u), CPAF-FVP to A (d, j, p, and v), CPAF-HSE to A (e, k, q, and w), or CPAF-EF to A (f, l, r, and x), as indicated. The infected cells were processed for immunofluorescence detection of CPAF (red), the L2 organism (green), and DNA (blue) at various times after infection, as shown on the left. Note that both the chromosome-and plasmid-encoded CPAF molecules displayed similar expression time courses and that translocation of CPAF into the host cell cytoplasm was detected in cultures infected with all but the L2 organisms expressing the CPAF-EF to A mutant.
idues in the same CPAF molecule completely blocked CPAF activation and activity during chlamydial infection. Together with the above observations, this result suggests that either the intermolecular dimerization or the catalytic residues may be sufficient for CPAF activation and activity, but simultaneous loss of both can no longer be rescued by the potential cofactors in the infected cells. Finally, as long as active CPAF was detected in the infected cells, CPAF was always localized in the cytoplasm of the infected cells. The CPAF with double mutations in both the intermolecular dimerization and catalytic residues (CPAF-FE to A) was no longer active and failed to translocate into the host cell cytoplasm. These observations demonstrated a correlation of CPAF translocation into the host cell cytoplasm with CPAF enzymatic activity. This correlation is further strengthened by the observation that the CPAF mutants with catalytic residue mutation seemed to show more severe deficiency in maturation/processing. These mutants were less efficient in translocating into the host cell cytoplasm.
How did CPAF tolerate more mutations inside the infected cells than in cell-free systems? It is difficult to imagine how a CPAF molecule with simultaneous alanine substitutions for all three catalytic residues, i.e., E558, S449, and H105, can carry out the processing of the internal inhibitory peptide and mature into active CPAF for cleaving host cytokeratin 8. The crystal structure of the wild-type CPAF revealed a water molecule sandwiched between the catalytic triad residues (6) . This suggests that the catalytic triad is not tightly packed and the other adjacent residues may be able to replace the function of the catalytic triad residues, especially when CPAF is inside Chlamydia-infected cells. These alternative critical residues, which have not been identified in the cell-free system (based on the mutagenesis and crystal structure analyses), may be functional only inside cells, which explains why mutation of any of the 3 known critical residues resulted in significant reduction in CPAF activity in cell-free assays. Thus, the seemingly conflicting results from our in vivo study cannot disqualify the 3 known residues as catalytic residues in cell-free systems but suggest that there are additional critical residues that are required for CPAF activation in infected cells. The successful transformation of the CPAF-deficient chlamydial organisms presented in the current study has provided a platform to map these "in vivo critical residues." We are consulting various structural biology experts about which other residues are the likely in vivo critical residues required CPAF-EF to A, as indicated. The infected cells were processed for immunofluorescence detection of CPAF (red), the L2 organism (green), and DNA (blue) at 40 h after infection. Note that under confocal microscopy, both the chromosome-and plasmid-encoded wild-type CPAF molecules were translocated into the host cell cytoplasm, but the CPAF-EF to A mutant showed significant overlap with the intrainclusion chlamydial organisms without any significant translocation into the host cell cytoplasm (A), and these distinct intracellular distribution patterns were validated at various focal levels along the z axis (B).
FIG 7
Effects of cell sample treatments on CPAF secretion. HeLa cells were infected with L2-17-CPAFwt (top two rows) or L2-17-CPAF-EF to A (bottom two rows). Forty hours after infection, the cell samples were fixed with 4% PF for 1 h at RT, followed by different permeabilization conditions, including 2% saponin for 30 min (a, h, o, and v), 1 h (b, i, p, and w), 2 h (c, j, q, and x), and 4 h (d, k, r, and y) or 1% SDS for 40 min (e, l, s, and z) or cold methanol for 10 min (f, m, t, and aa) or fixed with 10% formalin for 1 h, followed by permeabilization with 0.1% Triton for 15 min (g, n, u, and ab). All the samples were colabeled for CPAF (red), L2 organisms (green), and DNA (blue). Note that CPAF translocation into the host cell cytoplasm was always detected in cultures infected with L2-17-CPAF-wt but not in cultures infected with L2-17-CPAF-EF to A, regardless of the cell sample permeabilization conditions applied.
for CPAF activation inside infected cells, although these extensive mapping experiments are beyond the scope of the current study.
A second possibility is that there are cofactors in the Chlamydiainfected cells that may compensate for the loss of function caused by replacement of catalytic residues identified in the cell-free systems. The cofactor may be a chlamydial protease or chlamydialinfection-activated protease that can activate CPAF in infected cells. If we can identify an inhibitor that cannot inhibit canonical CPAF activation (proximity-induced self-activation) but can block noncanonical activation pathways, we will be able to draw a more definitive conclusion about the existence of such cofactoral proteolytic activities for activating CPAF via a noncanonical pathway. However, extensive characterizations of the putative cofactors are beyond the scope of the current study and will be carried out in the future.
A third possibility for activation of the various "activationdeficient CPAF mutants" inside infected cells is that as the CPAF mutants accumulate in the inclusions to a threshold level in the late stage of infection, CPAF mutants may become activated in a concentration-dependent manner. The high concentration of CPAF inside infected cells may not be achievable in the cell-free system. The higher CPAF protein concentrations may overcome the deficiency in residues critical for either catalytic or intermolecular dimerization. This explanation is consistent with the proximity-induced activation model revealed in the cell-free system assay. Furthermore, the activated CPAF in the late stage of infection may contribute to the increased permeability of inclusion membranes and chlamydial exit.
The mutant CPAF with both catalytic and dimerization residues simultaneously replaced with alanine was no longer processed, lost all its enzymatic activity, and was strictly localized within the chlamydial inclusion. The generation of this mutant not only allowed us to confirm the critical roles of these two residues in CPAF activation, but also provided us with a tool to address concerns about the translocation of CPAF (11) . We carefully compared the intracellular locations of the wild-type CPAF and the mutant CPAF under various cell sample treatment conditions. Regardless of how the cell samples were fixed and permeabilized, the wild-type CPAF was always detected in the host cell cytosol while the mutant CPAF was restricted to within the inclusions. Thus, we conclude that CPAF translocation into the host cytosol correlates with CPAF activity but is not altered by cell sample treatment conditions. Nevertheless, we are also aware that there are alternative explanations for the total lack of translocation of the CPAF-FE to A mutant with mutations at both catalytic and intermolecular dimerization residues. The amount of CPAF-FE to A was noted to be lower than those of the other CPAFs, which may be due to either a reduced expression level or decreased protein stability. The lower level of protein may result in less obvious processing and translocation. However, it is unlikely that a complete lack of processed CPAFc and translocated CPAF in CPAF-FE to A is due to the reduced level of the mutant, given the high detection sensitivity in both the Western blotting (Fig. 3 ) and immunofluorescence assay (Fig. 4 to 7 ) used in the current study.
The next question is how CPAF reaches the host cytosol. The sec-dependent pathway (9) and the type II secretion apparatus (10) may be able to transport CPAF into the lumen of chlamydial inclusions but cannot account for the CPAF in the host cell cytoplasm. An outer membrane vesicle budding mechanism may aid in CPAF's transportation into the host cell cytoplasm (20) . This hypothesis is consistent with the following observations. The chlamydial reticulate body (RB) outer membrane was induced to undergo vesicularization (40, 41) . Chlamydial-organism-free vesicles were detected both inside (42) and outside (43) inclusion membranes. The vesicularized CPAF may enter the host cell cytosol by the vesicle fusing with or passing through the inclusion membrane. Although outer membrane vesicles (OMVs) have been recognized as an essential means for Gram-negative bacteria to secrete virulence factors (44), the precise mechanisms by which OMVs are regulated remain unknown (45) . C. trachomatis-infected cells may provide a unique opportunity for us to gain novel insights into the mechanisms of OMVs. As the tools for genetically manipulating chlamydial organisms are continuously developed and improved, we may be able to both address the role of OMVs in CPAF secretion and reveal novel mechanisms for regulating OMVs in general.
